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A growing number of studies postulate the use of music to improve motor control in patients with Parkinson’s dis- 
ease (PD). The effects of music are greatly variable from one individual to the other and do not always reach the 
expected benefits. This study aimed to optimize the use of music in the management of movement disorders inher- 
ent to PD in a handwriting task. We developed and tested musical sonification (MS), a method that transforms in 
real-time kinematic variables into music. Twelve patients with PD, on medication, and 12 healthy controls were 
recruited in a pretest/training/posttest design experiment. Three training sessions were compared, for which par- 
ticipants were asked to produce graphomotor exercises: one session with music (unrelated to handwriting), one 
with MS (controlled by handwriting), and one in silence. Results showed that the performance in training was bet- 
ter under MS than under silence or background music, for both groups. After training, the benefits of MS were still 
present for both groups, with a higher effect for PD patients than for control group. Our results provide a proof of 
concept to consider MS as a relevant auditory guidance strategy for movement rehabilitation in patients with PD. 
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Introduction 
Although music and rhythm training have been 
considered as part of rehabilitation alternatives for 
many years,1 these received a growing scientific 
interest during the last decade. Positive effects of 
such trainings have been recently demonstrated,2,3 
supported by solid arguments highlighting the rela- 
tionship between sound and movement.4 Since 
motor and auditory systems interact, human beings 
have a spontaneous inclination toward synchroniz- 
ing their actions with rhythm when listening to 
music. Beyond auditory information, rhythm rep- 
resents an external auditory cue allowing for move- 
ment guidance and enhancing motor control.5,6 
Predictive timing may be an intrinsic feature of 
music that drives rhythmic and metrically orga- 
nized motor behavior, as a metronome, guiding 
movements.7,8 
Auditory cueing as a tool for motor rehabili- 
tation has been particularly explored in patients 
with Parkinson’s disease (PD).9–11 For example, 
recent studies have shown that external rhythmic 
cueing had beneficial effects on PD axial signs, 
such as impairment of gait12–14 and speech.15–18 
Regarding distal movements, rhythmic cueing also 
demonstrated improvements of hand and foot 
tapping,19 and upper-limb freezing.20 Neuroimag- 
ing studies demonstrated in both healthy subjects 
and PD patients that the supplementary motor  
area and basal ganglia were the principal areas 
involved in self-initiated movements, while the 
parietal and the lateral premotor cortices, as well 
as the cerebellum, played a major role in externally 
cued movements.21–23 Consequently, external cue- 
ing would activate a brain network involving the 
cerebellum, in order to compensate for the reduced 
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recruitment of the basal ganglia, altered in PD.24,25 
Nevertheless, such improvement remains very vari- 
able, and sometimes opposite, from one patient to 
the other.12,26,27 The main reason is that perform- 
ing a movement with an external auditory cue-  
ing requires both to perceive and synchronize the 
movement with the cue; and these rhythmic skills 
might be altered in patients with PD.12 
Among  motor  skills,  handwriting  seems  to 
be particularly vulnerable in PD.28–30  Handwrit- 
ing requires a high level of motor  coordina- 
tion and expertise; it has been described, with 
drawing, as  the  most  challenging and  elabo- 
rate fine motor activity.31,32 Handwriting impair- 
ments that define PD dysgraphia33,34 may be par- 
tially improved by dopaminergic medication and 
neurostimulation,35,36 as well as behavioral treat- 
ments. So far, behavioral studies focused on the use 
of visual external cueing in order to manage writ- 
ing size.37–43 While Ringenbach et al.38 reported a 
greater effect of auditory feedback than visual exter- 
nal cueing on drawing in PD patients, to our knowl- 
edge, no study has focused so far on the use of 
auditory/music external cueing for the management 
of PD dysgraphia. Applying auditory information 
for the rehabilitation of handwriting disorders has 
mainly been investigated with sonification.44 Soni- 
fication is a technique of augmented reality that 
could be defined as the use of nonspeech audio 
to convey dynamic information.45 Digitized hand- 
writing allows us to determine several kinematic 
“hidden” variables, which inform about the move- 
ment generating the trace. Handwriting sonification 
amounts to transforming some of these hidden vari- 
ables into auditory information in order to enhance 
handwriting perception, control, and learning.44 
Although sonification has demonstrated efficiency 
for motor rehabilitation,46,47 using music in sonifi- 
cation could improve the motivational component 
for such movement guidance.48,49 Emotional fea- 
tures of music can be observed even at the physi- 
ological level by modulating muscular afferences.50 
To sum up, (1) providing supplementary audi- 
tory feedback would be a relevant strategy for reha- 
bilitating movement impairment, and (2) provid- 
ing a musical cueing would further enhance such 
management. Consequently, combining both meth- 
ods in musical sonification (MS) would benefit from 
the advantages of the two strategies. MS consists 
of enslaving musical sounds to movement in order 
to convey real-time supplementary information.11 
Technically, preselected music is modified accord- 
ing to kinematic variables: music is distorted when 
the movement is too slow. Theoretically, the pur- 
pose of MS is both to improve the perception of 
movement irregularities (when music changes) and 
to provide auditory guidance (when music does not 
change). In the case of handwriting, this method 
changes music as a function of pen movements, like 
a conductor baton. 
Our study aimed to demonstrate the rele- 
vance of MS as a  potential  tool  for  manag- 
ing handwriting impairment in patients with PD. 
Handwriting skills were evaluated under three 
conditions—silence, background music, and MS in 
a pretest/training/posttest design. We hypothesized 
that both background music and MS should lead 
to better performance when compared with silence, 
especially in writing frequency. Furthermore, MS 
should provide, in addition to the auditory cue- 
ing, an auditory feedback potentially contributing to 
enhancing movement performance. Then, we fur- 
ther hypothesized that MS would lead to better per- 
formance when compared with background music, 
especially in writing velocity. 
Methods 
Participants 
Twelve  right-handed  patients  with  idiopathic 
PD   (60.9   years      8.03;   four   females)   and 
12 handedness-, age-, and gender-matched con- 
trols (60.6 years 8.05; four females) participated 
in the experiment. All patients included did not 
present any cognitive impairment, confirmed by 
the Montreal Cognitive  Assessment  (MoCA)51  
or the Mattis Dementia Rating Scale (MDRS).52 
All patients were tested on medication, 2 h at the 
most after medication intake, and were clinically 
evaluated with the motor examination (part III) of 
the Movement Disorders Society Unified Parkin- 
son’s Disease Rating Scale (MDS-UPDRS).53 Both 
PD patients and control participants had normal 
hearing and normal or corrected-to-normal vision. 
Exclusion criteria included: medical, psychologi- 
cal, or cognitive history (e.g., language disorders) 
that would interfere with the study completion. In 
addition, control participants did not present with 
any neurological affliction. Before the experiment, 
participants completed an anamnesis question- 
naire, allowing them also to report their musical 
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Table 1. Demographics of all participants and clinical information of the PD patients 
 
 
Age (years) Gender 
 
Conditions 
order 
 
Musical 
environment 
MoCA 
or 
MDRS DD (years) 
MDS- 
UPDRS III 
(on-med) LED (mg) 
 
Symptom 
dominance MG 
 
 
 
 
01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
Patients with Parkinson’s disease 
61 M Si/MS/BM 
60 M Si/BM/MS 
47 M BM/Si/MS 
48 M Si/MS/BM 
65 F Si/BM/MS 
58 F BM/MS/Si 
71 M MS/BM/Si 
65 F MS/Si/BM 
72 M BM/MS/Si 
65 F BM/Si/MS 
65 M MS/BM/Si 
54 M MS/Si/BM 
n/y 
n/y 
n/y 
n/y 
n/n 
n/y 
n/y 
n/y 
n/y 
n/y 
n/y 
n/y 
 
28 
132 
29 
144 
137 
25 
143 
29 
28 
26 
27 
28 
 
11 
3 
5 
10 
6 
4 
18 
9 
14 
11 
8 
7 
 
12 
7 
5 
5 
11 
0 
7 
12 
28 
9 
2 
4 
 
1595 
2138 
880 
1475 
950 
800 
987 
950 
755 
705 
895 
1485 
R 
L 
L 
L 
L 
R 
R 
L 
R 
R 
L 
L 
y 
n 
n 
n 
y 
n 
y 
n 
n 
n 
n 
n 
Mean ± 
SD 
60.9 ± 
8.03 
  8.83 ± 4.32 8.5 ± 7.23   
Control participants 
 
 
 
 
 
 
 
 
 
 
 
SD 
BM, background music; DD, disease duration; F, female; LED, levodopa equivalent dose;55 L, left; M, male; MG, micrographia reported 
by the patient; MS, musical sonification; R, right; Si, silence. The column “Musical environment’’ summarizes participant answers to 
the following two questions: “Do you practice music?’’ and “Do you listen to music at home?’’ 
 
expertise. Clinical and demographic information of 
patients are summarized in Table 1. This study was 
conducted in accordance with the Declaration of 
Helsinki,54 and approved by the local Ethics Com- 
mittee Review Board (Project n° 2012-A00460-43, 
Comité de Protection des Personnes (CPP), Sud- 
Méditerranée 1, France). The participants were 
included after providing written informed consent. 
 
Experimental protocol 
Participants were comfortably seated in front of    
a table upon which a graphic tablet was placed 
(Wacom, Intuos3 A4, sampling frequency 200 Hz). 
They performed several tasks using an ink pen on a 
sheet of paper (A4 format: 21.0 29.7 cm) affixed 
to the graphic tablet. The general instruction was to 
copy the predefined templates on the sheet of paper 
with the dominant hand. The design included one 
pretest, three training sessions, and three posttests 
(Fig. 1). 
The pre- and posttests were strictly identical and 
were carried out in silence: participants were asked 
to draw (once) loops between dotted lines (1.6 cm 
high), to write (four times) the cursive word “cel- 
lule” (cell), and to sign (once). For loop produc- 
tion, the dotted lines were present to require the 
01 60 F BM/Si/MS n/y 
02 61 M MS/BM/Si y/y 
03 62 M BM/MS/Si n/y 
04 56 M MS/Si/BM y/y 
05 50 M Si/MS/BM n/y 
06 50 F Si/BM/MS n/y 
07 53 M BM/Si/MS y/y 
08 69 F MS/BM/Si y/y 
09 77 M BM/MS/Si y/y 
10 58 M MS/Si/BM y/y 
11 63 F Si/MS/BM n/y 
12 68 M Si/BM/MS y/y 
Mean ± 60.6 ± 8.05   
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Figure 1. Experimental design of the study. The order of the training conditions was randomized and counterbalanced between 
participants. 
 
 
participants to perform larger movements than 
those they would spontaneously perform. However, 
when they did not fully follow these lines (if the 
loops were bigger or smaller), no feedback was given 
to participants by the experimenter. For the word 
“cellule,” a template was present to avoid any ortho- 
graphic difficulties: the participants were instructed 
to write the word with their usual writing. Four seg- 
ments (5-cm long) were present to indicate where 
the participants should write. During training ses- 
sions, participants were required to practice differ- 
ent graphomotor exercises between dotted lines of 
0.8 or 1.6 cm (for more details, see Supplementary 
Material S2, online only). As for the tests, no feed- 
back was given to participants when they did not 
follow the lines. 
The training sessions were performed under 
three experimental conditions: silence (Si), back- 
 
ground music, or MS. The order of the training 
sessions was counterbalanced between participants. 
A Colombian-type folkloric song (i.e., cumbia) was 
chosen for both background music and MS training 
and presented using headphones (Bose SoundLink 
II). Data recording and MS were controlled by 
adapting a Max software (http://cycling74.com). 
In MS, the movement controlled in real-time the 
music to inform the participants about their draw- 
ing/handwriting (for a video example, see Sup- 
plementary Material S1, online only). The instan- 
taneous tangential velocity was sonified by the 
music, with a threshold of 1.5 cm s–1: under this 
speed, music was distorted; otherwise, it was melo- 
dious when movements went past this threshold. 
The instantaneous pen vertical pressure was asso- 
ciated, in a nonlinear way, to the sound volume: 
when the pen was in contact with the tablet, the 
5 
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music was triggered, and during pen lifts, no music 
was emitted.56 During training with background 
music or MS, participants were asked to realize 
their movement with respect to the musical tempo 
(84 BPM, i.e., 1.4 Hz). During MS, participants were 
asked to draw without distorting music. The total 
duration of the experiment was about 30 min, with 
approximatively 7-min training in each condition. 
Data analysis 
Three variables were considered for evaluating the 
clinical signs of movement disorders related to PD 
and contributing to Parkinsonian dysgraphia: (1) 
the mean velocity (mm/s) for bradykinesia; (2) the 
mean writing height (mm) for hypokinesia (micro- 
graphia); and (3) the mean movement dysfluency 
(the number of abnormal velocity peaks) deter- 
mined with the signal-to-noise velocity peaks differ- 
ence (SNvpd) method developed by Danna et al.57 
for the evaluation of akinesia and/or freezing of the 
upper limb. A fourth variable, namely, the mean 
writing frequency (Hz), was used to estimate the 
ability of patients to integrate the rhythmic inputs 
conveyed by the music. The less fluid the movement, 
the greater the number of abnormal velocity peaks 
and vice versa. For evaluating loops production, a 
data preprocessing was needed prior to the measure 
calculation. 
During pre- and posttests, loop production was 
limited to 6 s (the minimal production duration 
recorded in our study) and pen lifts were removed 
(determined by the absence of the axial pressure 
measured by the tablet).  For  training  sessions, 
the duration of loop production was extended to 9 
seconds. The local extrema in the Y-axis were ident- 
ified with a Matlab function in order to compute 
the height and period of each loop. After averaging 
the periods, the mean frequency  was  computed 
as the inverse of the mean period. For the cellule 
items, the height was computed on the basis of the 
letters l only. 
Performance comparison in the pretest. Group 
differences between PD patients and control partici- 
pants during the pretest were estimated for each task 
(loops drawing, word writing, and signature). Non- 
parametric tests for two independent samples were 
applied (Mann−Whitney U test). 
Performance comparisons in training sessions. 
The analyses focused on performance in the sec- 
ond loops line (see Supplementary Material S2). 
Training conditions (silence, background music, 
and MS) were compared in order to determine the 
most efficient one. Three nonparametric analyses 
were performed here: (1) between-group compar- 
isons, (2) between-training session comparisons, 
and (3) interactions between groups and training 
sessions (silence versus background music versus 
MS). The group effect was analyzed by comparing 
the performances of PD patients and control par- 
ticipants using nonparametric tests for two inde- 
pendent samples (Mann Whitney U test). When 
the comparison between PD and control groups 
was not different, all participants were gathered into 
a single group for the between-training compar- 
isons. Between-training session comparisons were 
performed two by two (namely three comparisons), 
using nonparametric tests for two-related samples 
(Wilcoxon test). Separate Wilcoxon tests for post- 
hoc comparisons were computed and a sequen- 
tially acceptative step-up Bonferroni procedure was 
used.58,59 Finally, interactions were analyzed with 
the aligned rank transform (ART) nonparametric 
factorial design, a method developed by Wobbrock 
and colleagues.60 
Post-effect of training sessions. The post-effect 
of each training session was evaluated. We calcu- 
lated the difference of performance between each 
posttest (following silence, background music, and 
MS) and the pretest (before the first training). Then, 
we applied the same method of analysis as in the sec- 
ond step, namely: (1) between-group comparisons, 
(2) between-training sessions comparisons, and (3) 
group by sessions interaction. 
Results 
Performance comparison in the pretest 
Results of the first-step analyses are summarized 
in Table 2. The velocity and frequency of signature 
were significantly higher for the control group than 
for PD patients. 
Performance comparisons in training 
sessions 
The full results are reported in Supplementary 
Materials S3 (between-group comparisons; online 
only) and S4 (between-training session compar- 
isons; online only). Mann Whitney U tests did not 
reveal any group effect for the four dependent vari- 
ables. Consequently, all participants were gathered 
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Table 2. Performance (mean ± SEM − (95% CI)) of PD patients and control subjects for the three tasks in pretest 
Pretest Dependent variables PD group Control group P value Cohen’s d 
Loops Frequency (Hz) 0.76 ± 0.08 (0.60–0.92) 1.04 ± 0.19 (0.66–1.42) 0.59 −0.409 
Velocity (mm/s) 28.92 ± 3.12 (22.68–35.16) 36.92 ± 5.46 (26–47.84) 0.478 −2.075 
Height (mm) 13.82 ± 0.24 (13.34–14.3) 13.39 ± 0.39 (12.61–14.17) 0.712 0.412 
Dysfluency (SNvpd) 21.75 ± 1.46 (18.83–24.67) 21.17 ± 2.23 (16.71–25.63) 0.671 0.229 
Word Frequency (Hz) 0.98 ± 0.09 (0.8–1.16) 1.22 ± 0.11 (1–1.44) 0.143 −0.408 
Velocity (mm/s) 36.2 ± 3.29 (29.62–42.78) 42.2 ± 3.87 (34.46–49.94) 0.478 −1.704 
Height (mm) 9.99 ± 0.53 (8.93–11.05) 9.53 ± 0.59 (8.35–10.71) 0.514 0.33 
Dysfluency (SNvpd) 12.77 ± 3.06 (6.65–18.89) 8.94 ± 1.47 (6–11.88) 0.16 1.367 
Signature Frequency (Hz) 3.54 ± 0.2 (3.14–3.94) 4.43 ± 0.25 (3.93–4.93) 0.012 −1.009 
Velocity (mm/s) 123.86 ± 12.42 (99.02–148.7) 202.3 ± 27.62 (147.06–257.54) 0.028 −9.419 
Height (mm) 15.34 ± 1.21 (12.92–17.76) 17.43 ± 1.99 (13.45–21.41) 0.44 −0.888 
Dysfluency (SNvpd) 5.75 ± 0.79 (4.17–7.33) 3.92 ± 0.74 (2.44–5.4) 0.113 1.124 
Note: Significant differences are in bold. 
 
into a single group for the between-training com- 
parisons (Wilcoxon tests). Significant results are 
summarized in Figure 2. 
Writing frequency was higher during training 
with background music (n 24, Z 2.06, P  0.04) 
and training with MS (n 24, Z  2.6, P  0.009)   
than during training in silence (Fig. 2A). Con- 
cerning writing velocity, Wilcoxon tests showed 
that loops were produced faster during training 
with MS than during training in silence (n   24,   
Z 2.00, P 0.04; Fig. 2B). No significant effect was 
observed for writing height and dysfluency. Finally, 
no interactions between groups and sessions were 
observed. 
Post-effect of training sessions 
The full results are reported in Supplementary 
Materials S3 (between-group comparisons) and S4 
(between-training session comparisons). Signifi- 
cant results are summarized in Figures 3 and 4. 
Loops. Mann Whitney U test revealed that 
Parkinsonian participants increased their writing 
tempo more than control participants after training 
under MS (n    12, U    –2.34, P     0.017; Fig. 3A). 
Wilcoxon tests revealed significant differences for 
movement frequency for the Parkinsonian group 
only. PD participants increased their writing tempo 
more after training under MS than after training  
in silent (n 12, Z 2.04, P 0.04) and with 
background music (n   12, Z   2.27, P   0.023;   
Fig. 3A). The group by session  interaction  did 
not reach the significance threshold for frequency 
by the ART  analysis (F(2,44) = 2.41, P = 0.10). 
Mann Whitney U test revealed that Parkinsonian 
participants increased their writing velocity more 
than control participants after training under MS 
(n 12, U 2.05, P 0.039; Fig. 3B). Wilcoxon 
tests  revealed  that  both  PD  patients  (n     12,  
Z 2.75, P < 0.01; Fig. 3B) and control partici- 
pants (n 12, Z 2.04, P 0.04; Fig. 3B) increased 
their velocity more after training under MS than 
after training with background music. Again, the 
interaction did not reach the significance threshold 
for mean velocity (F(2,44) 2.66, P 0.08). No 
significant effect or interaction was observed for 
writing height and dysfluency. 
Word. Mann Whitney U test did not show any 
difference between participant groups. Wilcoxon 
tests revealed that the pre/post difference of veloc- 
ity was higher after training with MS than after 
training with background music (n   24, Z   2.46,  
P 0.014; Fig. 4A). Mann Whitney  U  test  
revealed that letters height of Parkinsonian par- 
ticipants increased more than control participants 
after  training  under  MS  (n      12,  U       2.05, 
P 0.039). Wilcoxon tests revealed that dysflu- 
ency decreased more after training with MS than 
after  training  under  silence  (n     22,  Z     2.04, 
P   0.04) and background music (n   22, Z    2.04, 
P  0.027; Fig. 4B). No  other significant effect  
was observed for the writing frequency. Finally, no 
interactions between group and session factors were 
observed. 
Signature. Mann Whitney U test revealed that 
Parkinsonian participants increased their signature 
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Figure 2. Movement frequency (A) and velocity (B) of the loop production task during the training, for both control and Parkin- 
sonian groups. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. Si, silence; BM, background music; MS, musical sonification. 
 
 
tempo more than control participants after training 
in silence (n 12, U 2.05, P 0.039). Statistical 
analyses did not show any other group or condition 
effect for frequency, velocity, height, and dysfluency, 
and any interactions between group and session 
factors. 
Discussion 
In this study, we evaluated the relevance of MS as 
a potential tool for managing handwriting impair- 
ments in patients with PD. To this aim, we investi- 
gated changes associated with PD on different writ- 
ing movements, ranging from less (loops) to more 
(signature) automatized, before and after training 
under silence, background music, and MS. We 
observed that prior to the training, both control and 
patient groups performed similarly, except for the 
signature that was slower for the PD patients. Dur- 
ing training, movement frequency increased both 
under background music and MS. Interestingly, 
movement velocity was improved only under MS. 
The increase in frequency and velocity was main- 
tained after training with MS more significantly for 
the Parkinsonian group than for the control group. 
Below, these results are discussed according to the 
experimental design. 
 
Pretest state 
At baseline, prior to any training, the performance 
of patients with PD did not differ from that of 
control participants, except for the signature.  It 
has been demonstrated that visual cueing provides 
immediate beneficial effects in handwriting.39,40,43 
In our tasks, only the signature was performed 
without the presence of dotted lines or a tem- 
plate, avoiding the PD group to use the adaptation 
8 
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Figure 3. Pre-/posttraining differences of the frequency (A) and the velocity (B) of the loop production, for both control and 
Parkinsonian groups. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. Si, silence; BM, background music; MS, musical sonification. 
 
strategy based on external visual constraints. 
Furthermore, it should be noted that  patients  
were under medication when performing the tasks. 
Medical treatment restores, at least partially, writing 
movements.11,35,36,61,62 Motor-based rehabilitation 
programs, such as the one we aimed at evaluating 
in this study, are generally addressed to patients 
administered optimal medication by the therapist, 
in order to combine positive effects of both treat- 
ments. From this perspective, MS is considered 
here as a complementary strategy to medication, 
and thus, being under medical treatment inscribes 
our experimentation in a functional, ecological 
context. However, although PD patients were on 
medication, their signature remained slower than 
control participants. This finding supports two 
complementary hypotheses. First, automatized 
movements are mostly affected by PD36,63 and we 
can reasonably infer that the PD signs, partially 
restored by medication, still have an impact on the 
performance for the most automated movements, 
such as the signature. Second, our results revealed 
that the differences in mean velocity between PD 
and control groups were lower for words (14%) 
than for signatures (39%). Because the signature  
is the most rapid movement of handwriting, it is 
likely more vulnerable to bradykinesia.64,65 Such 
impairments might not be exclusively assignable 
to the inability of producing a movement with a 
particular size and speed: decreasing size and/or 
speed could also reflect an adaptive strategy used to 
improve movement control66 and to sign ina more 
comfortable way to face the evolution of the disease. 
In handwriting, movement frequency results from 
a compromise between movement velocity and 
amplitude. The size of the signature is maintained, 
but the velocity is slowed down, which directly 
decreases the movement frequency. 
9 
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Figure 4. Pre-/posttraining differences of the velocity (A) and the dysfluency (B) for the word writing, in both control and Parkin- 
sonian groups. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. Si, silence; BM, background music; MS, musical sonification. 
 
Effects of training sessions 
During training, again no group effects were 
revealed, probably due to the effects of medical 
treatment in the PD group or due to  the  pres- 
ence of the dotted lines used by the PD patients   
as visual cues. According to our predictions, both 
background music and MS increased movement 
frequency, but not silence. Such increases in fre- 
quency were most likely related to the natural, 
spontaneous, and universal tendency to synchro- 
nize movements with music.7,67,68 Several studies, 
developed on this assumption, demonstrated that 
rhythmic or musical auditory cueing was able to cat- 
alyze the effects of motor rehabilitation protocols 
in PD patients and to induce an improvement of 
performance in healthy subjects.9–11,69 Our results 
corroborate these studies and suggest that auditory 
cueing seems efficient either in background music 
or using MS. Furthermore, we observed a specific 
effect of MS on loop velocity. Under MS, partici- 
pants were constrained to reach a minimum thresh- 
old of velocity to avoid distorting music. Partic- 
ipants were doubly constrained in MS: they had  
to increase both writing frequency (to synchronize 
their movement) and velocity (to avoid music dis- 
tortions). The explicit feedback on the velocity com- 
pels the participants to focus on this parameter.  
Directing attention specifically to movements can 
be facilitatory, possibly because it reduces the auto- 
maticity of actions, which is impaired in PD,9,70 and 
gives a clear and precise objective to achieve.38,39 
Post-effect changes 
Globally, post-effects of training were modest, prob- 
ably because of the very short training duration in 
each condition (7 minutes). The specific effect of 
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MS on movement velocity and frequency was main- 
tained in the loop production during the posttest 
and remarkably, such effects were greater for PD 
patients than for control participants. We also 
observed a transfer effect to the velocity of word 
writing, a task that was not trained and was more 
automatized compared with the loop production. 
Interestingly, the increase in word writing velocity 
after training under MS went along with an increase 
in word writing height in PD patients. Unlike loops, 
words did not have to be written between two lines, 
so the height of the letters was no longer constrained 
allowing the participant to increase it as needed. 
The relationship between handwriting velocity and 
amplitude has been precisely investigated in PD 
patients and external cueing has been shown to help 
patients to overcome deficits in speed or ampli- 
tude scaling.64 Furthermore, our results show that 
the increase in writing velocity was accompanied 
by an improvement in the fluency of movement: 
the number of abnormal velocity peaks decreased. 
Our results are in agreement with those of Chartrel 
and Vinter,71 who compared the effects of spatial 
and temporal constraints on children’s writing and 
demonstrated that the addition of temporal con- 
straints was able to improve both the speed and flu- 
idity of writing movement. Finally, the difference in 
intergroup performance, highlighted in the pretest, 
disappeared at the posttest: PD patients no longer 
signed slower than control participants, even with 
a difference of frequency that becomes more sig- 
nificant at the end of the silent training sessions. 
These results were mainly related to the overall 
effect of training, supporting the assumption that 
PD patients can relearn but with slower learning 
rates than controls.10,12 
The beneficial effect of MS can be discussed   
at sensorimotor, attentional, and motivational lev- 
els. At a sensorimotor level, the transfer of MS to 
the performance in the silent posttest may be dis- 
cussed in light of the Event Coding Theory,72,73 
which considers cognitive representations as a 
structural coupling between perception and action. 
In this view, the visual and proprioceptive sig- 
nals accompanying the movement of the pen 
would be associated with  music  and  integrated 
to provide a multisensory representation. In the 
posttest, in silence, this representation was also 
reactivated. Among others, this hypothesis is sup- 
ported by Bangert and colleagues,74 who demon- 
strated that executing silent finger movements on 
a piano keyboard elicited stronger activation of 
auditory sensory areas after a piano training. In 
the case of handwriting, the positive transfer effect 
was also observed after learning to write new char- 
acters with sonification.75 At an attentional level, 
music distortions increased the participants online 
control, informing them in real time, and explic- 
itly, about their performance during training. For 
the management of PD disorders, it seems that the 
techniques directing the attention toward  a  sin- 
gle parameter, for example, speech loudness for 
the LSVT-LOUD©76,77 or letter amplitude with 
visual cueing,38,39,43,78 are very efficient. Further- 
more, these studies have highlighted the long-term 
post-effect of such method.77 At an emotional level, 
it should be noted that the emotional state of music 
differs between the background music and MS con- 
ditions: music also becomes a reward in sonifica- 
tion, since it informs on the correctness of the move- 
ment. This supplementary status of music involves 
a supplementary neural network, the mesolimbic 
pathway, which contributes to the reinforcement 
and reward-related motor function learning, as well 
as in the subjective perception of pleasure.79–82 This 
is of particular importance for PD patients for 
whom the reward pathway is impacted.83–85 
Conclusion and perspectives 
Our study established a proof of concept high- 
lighting the specific effect of MS on the motor 
control of handwriting. The interest of this study 
goes beyond the rehabilitation of Parkinsonian dys- 
graphia: it provides new  arguments  to  use  MS 
as an original, simple, and easy to reach  audi- 
tory guidance strategy for movement rehabilitation 
in PD patients. From a neural perspective, many 
theoretical arguments support MS for rehabilita- 
tion protocols in PD patients. First, Schmitz and 
colleagues86 showed that the observation of soni- 
fied movements by healthy subjects activates the 
striato thalamo cortical (STC) circuitry. There- 
fore, one can wonder whether applying such a real- 
time supplementary auditory feedback could be 
relevant for enhancing the STC network that is 
disrupted in PD patients. Second, while rhythmic 
component of musical sounds involves the recruit- 
ment of the cerebello thalamo cortical pathway, 
one can also wonder whether this might be a 
possible strategy to overcome the deficit of the 
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activation of the STC circuitry in PD.9 Finally, 
beyond movement, MS would also stimulate the 
reward network impacted by PD. Further studies 
will have to investigate the effects of MS in an inten- 
sive and long-term management protocol, and con- 
comitantly, to study the neuroanatomical underpin- 
nings of the associated functional reorganization. 
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